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Introduction
In Mexico, as in other countries, climate change, food security, and the need to have substrates in a constant, economic and sustainable manner have favoured the search and experimentation for new raw materials for the production of Biofuels. One of the alternatives recently proposed is the use of agaves and cacti due to their tolerance to low humidity media and climatic variations (Yang et al., 2015) . In addition to the above, due to the type of climate and soil in our country Opuntia ficus indica (OFI) (nopal) are a widespread crop, with a cultivated area of about 10,000 hectares by year. The annual production of nopal is around 600000 tons, with a productivity of 40-50 tons ha −1 year −1 , which is considered as a high yield, surpassing the yield of agaves, crops such as beet, ryegrass, alfalfa, wheat, and being on par with other crops such as maize, sorghum and sugar cane (Nobel, 1995; Santos et al., 2016) .
On the other hand, the studies of hydrolysis on OFI cladodes in order to obtain sugars are scarce, and within the realized ones there is no work that analyses the optimization of this process, that is why it becomes necessary apply and develop methods aimed at maximizing this potential resource of sugars, and be able to involve it in the investigation of socalled second generation biofuels. One of these tools is optimization using Surface Response Methodology (SRM), which helps to determine the best working conditions in order to increase the yields of various processes (Kalil et al., 2000; Gilmour, 2006; FuentesOrtega et al., 2017) .
In addition to the above, several pre-treatment methods have been developed, including mechanical, thermal, acidic, alkaline, autohydrolysis, oxidative and all possible combinations between them (Hendriks and Zeeman, 2009; Ortíz-Mendez et al., 2017) , each with advantages and effects on the substrates applied. Of the processes mentioned, one of the most widely studied for the hydrolysis of lignocellulosic materials, has been the use of dilute inorganic acids with sulphuric acid (H 2 SO 4 ), being one of the main reagents due to its low price (with respect to other inorganic acids), handling and high efficiency in the hydrolysis reaction, it has been described that the use of sulfuric acid can remove up to 100% of the hemicellulose present with some residues (Taherzadeh and Karimi, 2008; Saucedo et al., 2010) .
Finally, the pre-treatment with inorganic acids has been applied to OFI biomass, the sugars obtained (cladodes and fruits) have been used for the production of ethanol by biochemical way using mainly yeasts (Retamal et al., 1987; Kuloyo et al., 2014; Santos et al., 2016) . However, methodologies for the optimization of hydrolysis treatments have not been used, which is the objective of this work. The use of different sulfuric acid concentrations is proposed to carry out the hydrolysis of Opuntia cladodes. For the optimization of the process, the Response Surface Methodology is used to find the optimal conditions for the release of sugars and to determine their potential for the production of second-generation ethanol.
Materials and methods

Raw Material
A lot of young Opuntia ficus indica cladodes (sprouts of about 18 to 25 cm length) were collected in the state of Hidalgo (19°41'50.4"N, 98°47'20.5"W) , México in September 2017. The cladodes were segmented into cubes of approximately 1 cm 3 , which were dehydrated at a temperature of 60°C (AOAC 1998). The dehydrated sample was ground and sieved (250 µm particle size, No. 60 mesh), the flour obtained was stored in plastic bags in a cool dry place, and this dry weight fraction was designated as Solid Fraction (SF). The physicochemical analyses performed on this fraction were: water content (by weight difference), determination of ether extract (TAPPI T-204 om-88), ash (AOAC 1998), lignin (TAPPI T222 om-88), cellulose (Browning, 1967) and percentage of mucilage as part of the compounds that are soluble in water (Rodríguez, 2011) .
Acid hydrolysis of OFI cladodes and optimization by RSM
To carry out the hydrolysis, a stainless steel autoclave operated at 1 atm and 121°C was used, and flasks were placed inside with aluminium caps in order to avoid leakage during this process. A solid-liquid ratio of 1:15 was used (cladode flour of OFI:dilute sulphuric acid solution in g mL −1 ), this ratio was chosen since according to several reports, is close to water content in the young OFI cladodes (Malainine et al., 2003; Ginestra et al., 2009; Kuloyo et al., 2014; Yang et al., 2015) . Under these conditions, the hydrolysis was carried out (for triplicate) for 20 minutes with the following concentrations of sulphuric acid solutions: 0.5, 1, 2, 3, 4, 5 and 6%. At the end of this hydrolysis, the total reducing sugars (TRS) were measured and the treatment that released the largest amount of TRS was selected. Afterwards, three residence times were examined, that were 10, 20 and 30 minutes. At the end of each treatment (triplicate), the obtained samples were filtered with Whatman # 1 filter paper and washed with distilled water, the solid residue obtained was dried at 105°C for 24 h in order to quantify the hydrolysed matter. The data obtained were analysed by DesignExpert® program to make the experimental design in order to optimize the pre-treatment. The variables selected for the optimization were: acid percentage and residence time, leaving a fixed solid:liquid (S:L) ratio, as response variable was used the TRS obtained. After completing the design, we proceeded to validate the already optimized model and to determine the amount of the hydrolysed sample under this methodology.
Analytical methods and statistical analysis
The technique developed by Miller (1959) , using a wavelength in the 525 nm UV-Vis spectrophotometer (Biochrom Libra S11 TM ) was used for the determination of the TRS. For the identification of the sugars released during the hydrolysis, an HPLC (Thermo Scientific Ultimate 3000) coupled to a refractive index detector (Refractomax 520 TM ) was used, Rezex TM RPM-Monosaccharide Pb +2 8% column, at a flow rate of 0.6 mL min −1 and water as mobile phase was used for identification of sugars. Triplicated tests were performed; the statistical analyzes of the data were in the program SigmaPlot TM 11.0.
3 Results and discussion
Composition of the raw material
The results obtained from the physicochemical characterization of the OFI cladodes show a high water content (94.73%), low lignin content (2.65%) and water-soluble compounds (mucilage) (53%). The S:L ratio obtained from the raw material was 15, which can be compared with that described in other studies. The high percentage of moisture is typical of plants with CAM metabolism. These plants produced hydrocolloids in their tissues whose objective is the water storage. This feature is essential for the survival of plants that live in arid zones (Yang et al., 2004) . Factors such as the age of the cladodes also have a strong impact on the composition of the mucilage, in plants with greater age; the mucilage promotes cell adhesion decreasing its concentration en the plant (Chang et al., 1994; Habibi et al., 2004) . On the other hand, the moisture content varies depending on the season of the year, in the rainy season; the moisture content of the cladodes increases considerably, but has little effect on the carbohydrate content (Ribeiro et al., 2010) . The results obtained indicated a high humidity (94%) and a concentration of sugars very similar to those described by other authors. The main differences found were observed in the lignin content, probably due to the age of the cladodes used in this work (two months). Table 1 shows the results obtained in the present work with those reported by other authors, it is observed that there are differences in the values, these differences may be due to climatic conditions, plant varieties, cultural practices, etc. Stintzing and Carlem (2005) and Ribeiro et al. (2010) indicated that edaphic factors and site of crops among others have a strong impact on the composition of OFI.
Exploratory analysis of acid hydrolysis
The results obtained in the treatments with the different concentrations of acid solution and an S:L ratio of 15 indicated that, from the concentration of 3% sulfuric acid there were no significant differences (p > 0.05) about a the release of TRS (Figure 1 ). In addition, it can be seen that there is a relationship between the amount of acid used and the release of TRS, reaching a point where despite increasing acid concentration, no more TRS can be obtained from the samples this may be due to the acid hydrolyses of the hemicellulose, some proteins, lipids and other biomolecules such as the polyphenols, leaving finally the crystalline cellulose, difficult hydrolysis (Wyman et al., 2005; Börjesson and Westman, 2015) . On the other hand, an excessive exposure of lignocellulosic material to acid conditions can promote the degradation of carbohydrates by generating compounds such as furfurals that are toxic for fermentative processes (Chandel et al., 2007; Geddes et al., 2010) . In similar processes of chemical hydrolysis with barley straw, it has been seen that the reduction of particle size considerably improves the process. The increasing of the surface area make more available the holocellulose and therefore improves the release of TRS (Quintanar-Gómez et al., 2012) . Once the effect of the H 2 SO 4 concentration on the hydrolysis of the raw material was determined, it was evaluated the effect of the residence time on the release of the TRS. For this, a series of hydrolysis tests were carried out using the following times: 1, 5, 10, 20 and 30 minutes, for these tests a relationship was used a S:L ratio of 15 and 3% sulfuric acid solution. The results are shown in Figure 2 .
It was observed that the hydrolysis of the cladodes flour takes place in a relatively short period of time and that stabilizes between 10 and 30 minutes. Part of this phenomenon can be due to the fact that the mucilage in its hydrocolloid that is composed of neutral polysaccharides, integrated mainly of arabinose, rhamnose, galactose and xylose, which are easily hydrolysed (Wyman et al., 2005) . The results suggest that the TRS liberated come mainly from the hydrocolloids and hemicellulose of cladodes. Some authors describe that soft conditions of acid hydrolysis affect the methylated derivatives of the Opuntia mucilage, yielding sugars like arabinose, xylose, galactose and a great diversity of oligosaccharides. Stronger hydrolysis conditions yield other types of sugars, such as rhamnose and glucose (McGarvie and Parolis, 1981) . The type of sugars detected and the absence of oligosaccharides suggests that with the conditions used there was access to the crystalline matrix of the cellulose of the Opuntia cladodes.
Hydrolysis optimization
Based on the results obtained previously, the process was optimized to maximize the released of the TRS. The time and percentage of the hydrolysis was chosen as variables for optimization and central composite design rotatable using the response surface methodology for this process. The factors and levels of work are shown below (Table 2) .
From this design, it was analysed 8 experimental units (4 for -1 and 4 for +1), with 5 central points (0), all the analyses were by triplicate, the uncoded matrix is shown following (table 3) .
When the measurements indicated in Table 3 were done, the adjustment of a quadratic model was obtained, where was related the released of the TRS (mg L −1 ) with the variables time (A) (min) and percentage of Acid (B), equation 1 shows the relation obtained. From the adjusted model, a response surface graph ( Figure 3) was generated, where it can be seen that the central conditions for the optimization of the released of the TRS is between 3% and 5% of acid solution and, according to this graph, the optimal residence time is around 30 minutes. The statistical analysis shows a correlation coefficient (R 2 ) higher than 0.8. It has been described that an R 2 greater than 0.8 is a good model and can be used to explain the observed variability. Values of R 2 less than to 0.8 cannot be used to explain the relationships between the variables (Little and Hills, 1978) . A p − value below the level of significance are desirable for a better understanding of the processes studied (Koocheki et al., 2009) . The p − value obtained is sufficiently precise to predict the most relevant variables in the hydrolysis process of Opuntia flour. The fit data of model are shown in table 4.
Finally, based on the results of the response surface, a rotatable central composite design was proposed in order to corroborate the observed curvature and determine the optimal conditions of TRS release. The five experiments carried out, representing the four axial points (2% acid with 10 min and 30 min; 4% acid with 10 min and 30 min) and a central point (3% acid, 20 min) in agreement to the model used (figure 4). The optimal conditions for the release of TRS were with acid at 3.47% and a hydrolysis time of 27.25 minutes.
In order to verify this given point and to validate the model obtained, a hydrolysis was carried out by triplicate at 1 atm and 121°C, with the percentage of acid and time indicated by the model. The result obtained was 20.825 mg mL −1 of TRS release, with a standard deviation of 0.128 mg mL −1 , with this value it is verified that there is reproducibility between the theoretical and experimental data. After this step, it was noted that for the comparison of the value given in the present work with other reported, it is very important to take into account the ratio S/L used, time and percentage of acid, since when changing these values, the quantity and hence the concentration of biomass (and polysaccharides) to be hydrolysed increases or decreases, with disparate results. An example of the above is presented in the work of Kuloyo et al. (2014) in which pre-treatment of OFI cladodes obtained 22.6 mg mL −1 of TRS, with an employed S/L ratio of 3.36 (50 min, 120°C, 1.5% H 2 SO 4 ), which implies working with a greater amount of biomass in a lower volume of work. In other work Santos et al. (2016) produced with three varieties of cactus 19.18 mg mL −1 (O. ficus indica Var. Round palm), 22.87 mg mL −1 (Nopalea cochenillifera var. Small palm) and 26.36 mg mL −1 (O. ficus-indica var. Giant palm) of TRS with an S:L ratio of 13.33 under the following hydrolysis conditions: 60 min, 121°C, 1% H 2 SO 4 , results suggesting that there is a difference between the type of varieties with respect to the sugars that could be obtained, it should be noted that this could be independent of age, soil variables and harvesting time (Stintzing and Carle, 2005) . Finally, Akanni et al. (2016) , reported similar results obtained by Kuloyo et al., (2014) . According to observed, it can be concluded that the value obtained in the present investigation is in a range with other works, and that applying some changes such as the variety of OFI, could increase the amount of TRS obtained using an optimization using the SRM.
Padrón-Pereira et al, (2009) The optimization of the chemical hydrolysis carried out in the present work, substantially improves the yields of sugars released at 75%. When comparing the results of the hydrolysis with other substrates, it is observed that Saucedo et al. (2010) performed an optimization of the hydrolysis of Agave tequilana Weber bagasse, obtaining 26.9 mg mL −1 (10 min, 151°C, 2% H 2 SO 4 ); a value that is very close to those obtained with a similar pre-treatment on OFI cladodes biomass.
Another of the substrates considered promising for the production of sugars from lignocellulosic residues is the bagasse of sugarcane, in this respect, the data obtained by Gámez et al. (2006) were 26.9 g L −1 of TRS, with an S:L ratio of 8 and under the following pre-treatment conditions: 300 min, 122°C, 4% H 3 PO 4 ; Geddes et al. (2010) obtaining 50.13 g L −1 of xylose from cane bagasse (27 min, 121°C, 1.09% H 2 SO 4 ), with an S:L ratio of 1:2.8, low ratio involving working with a reduced volume, which results in a higher concentration of TRS.
As previously mentioned, the S:L ratio used influences the amount of TRS obtained, since when using a ratio of 1:10 the value of TRS obtained, without optimization, was 30.29 g L −1 with the following pre-treatment conditions 30 min, 140°C, 2.5% HCl (Chandel et al., 2007) . Based on these and other results (Kumar et al., 2009; Karp et al., 2013; Molina et al. 2014 ) some important observations can be made, one of them being that there is a small difference between the sugars obtained with cane and agave bagasse and wheat straw and those obtained with cladodes of OFI.
Another point is that conditions such as S:L ratio, pre-treatment type and subsequent treatments can be varied to increase the concentration of sugars in the hydrolyzed (including enzymatic hydrolysis, hydrolysate concentration, purification, etc.).
Finally, under the optimization conditions obtained in this work, a hydrolysis of 74.65% of the OFI cladodes flour was obtained (Table 5) . Of the hydrolysed fraction, the percentage of sugars present was 30.72% with respect to the total sample, and the remaining 43.93% probably corresponds to unhydrolysed biopolymers, lipids, proteins, phenolic compounds, pigments, etc. (Agbor et al., 2011) . This percentage of hydrolysis is considered to be acceptable for a treatment of lignocellulosic-type substrates. With regard to the sugars profile identified, when samples were submitted to HPLC, it was determined that 57.14% corresponded to galactose, followed by arabinose with 20.51%, glucose 13.18% and xylose with 9.17%. These sugars are present in the polysaccharide chains that make up the nopal mucilages (Domínguez, 1995) which when hydrolysed are released into the medium.
Conclusions
According to the results obtained, it was observed that the process of optimization of the hydrolysis of the OFI cladodes for the release of monosaccharides was 74.56%. Factors such as Opuntia variety, age of the cladodes, harvest season and edaphic factors have a strong impact on the yields of the TRS. The optimization methodology used allowed to improve the release of sugars and can be a useful tool to be applied to similar crops and improve fermentative processes for the production of second-generation fuels.
